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Abstract. At CLEO, charmonium spectroscopy is pursued both thorugh e+e~ annihilation data 
taken in the Upsilon region and more recently at i/(25). A nmber of first observations (77^, he, n 
and K form factors) have been made, and numerous high precision measurements have been made 
in radiative and hadronic decays of charmonium resonances. A brief report of these contributions is 
presented. 



1. INTRODUCTION 

Charmonium was discovered in 1974. During the next 10 years a great amount of 
discovery physics was done by the e+e^ colliders at SLAC, DESY and ORSAY. In the 
1990's the Fermilab pp experiments E760/E835 brought unprecedented mass resolution 
and precision to charmonium spectroscopy, and the BES detector also made numerous 
contributions at the Beijing e+e collider. The BES II detector has since accumulated 
the world's largest data set with 59 million J/xjr and 14 million V^(25). Unfortunately, 
the Fermilab experiments were limited because their detector did not have the capability 
to identify charged hadrons, and the BES detector had limited capability for photon 
detection. In contrast, the CLEO detector, operating at the CESR e+e collider, is a 
state-of-the-art solenoidal detector with 93% of An coverage. It contains an excellent Csl 
electromagnetic calorimeter with Oe/E = 1.5% at 5 GeV (4% at 100 MeV), excellent 
charged particle tracking with Oe/E ^ 0.6% at 1 GeV/c, and a RICH detector. This 
allows for precision charmonium spectroscopy using ~ 15 fb^^ of e+e^ data in the 
bottomonium region = 9.46 - 1 1 .30 GeV), ~ 6 pb^^ of data taken at \{r{2S) (^/s = 
3.686 GeV), and ~ 20 pb^^ taken just belw \j/{2S) (y/s = 3.670 GeV). 

The list of measurements made at CLEO in the charmonium region is quite impres- 
sive. They include discovery measurements and precision measurements as described in 
the following. To put my presentation in perspective, the charmonium spectrum is shown 
in Fig. 1 (left). 



2. DISCOVERY OF ri'^{2^So) AND hc{l^Pi) 

Spin singlet states are notoriously difficult to populate in e+e collisions. For example, 
T]c(1^5'o) and 7]^(2^5o) can only be reached by weak Ml radiative transitions from the 
directly produced vector states 7/1// and V^(25), and radiative transition to hc{l^Pi) is 
forbidden by C-parity conservation. However, identification of these states is crucial 
for understanding the spin-spin hyperfine interaction in the qq system. The nature and 
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FIGURE 1. (left) Spectra of the states of Charmonium. (right) Schematic of the QCD qq potential (solid 
line), and its Coulombic and confinement parts (dotted lines). The approximate locations of the 15, 25 and 
states are shown. 



development of the hyperfine interaction in going from 15 to 25 states, and in going from 
5— to P— wave states, can only be detemined by identifying the spin-singlet partners 
of the well-established spin-triplet states, y/v^, \^(2.S), and XjCPj)- As Fig. 1 (right) 
illustrates, the 25 and IP states sample mainly the confinement part of the qq interaction, 
and determining their hyperfine splitting may be expected to shed light on the nature of 
the confinement interaction. 

2.1 The radial excitation of the charmonium ground state, t]' (2^5o) 
Both 77t (1^5o) and 7/v/(^5i) states are well-established and measured. The hyperfine 
splitting is known to be AM/,y(15) 117 ± 1 MeV. In contrast, while V^(2^5i), or i//', 
is well established with M(v/') = 3686.11 ±0.03 MeV, until now 7]'.(2i5o), or 7]^., 
has remained unidentified. The Crystal Ball's [1] claim of the observation of r/'. with 
M(?7^) = 3594 ±5 MeV was never confirmed. Several subsequent attempts to find T]^ 
were unsuccessful. These included pp experiments E760 and E835 at Fermilab [2], 
two-photon fusion experiments at DELPHI and L3 at LEP, and a recent V^(25) inclusive 
photon measurement at CLEO [3]. 

The breakthrough came, of all the places, from the observation of T]^ in B decays 
by Belle [4]. It was followed by its observation in 77 fusion by us at CLEO [5], and 
by BaBar [6] (see Fig. 2). The present world average is {M{r\[)) = 3638.7 ±2.0 MeV, 
which leads to the hyperfine splitting AM,,/(25) = 3686. 1 - 3638.7 = 47.4 ± 2.0 MeV. 
This is a factor ~ 2.5 smaller than AMhf(lS), and needs to be understood. Is this due to 
configuration mixing or due to some special aspect of the hyperfine ?i ■ ?2 interaction in 
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M{r]'^) = 3642.9 ± 3.4 MeV [5] M{r]'^) = 3630.8 ± 3.5 MeV [6] 

FIGURE 2. Observation of tj^ in the reaction yy KsKn by CLEO (left) and BaBar (right). 



the confinement region? It is worth noting that the width of r\'^ is essentially unmeasured 
so far, and that it may shed light on the possible configuration mixing in 77^. 

2.2 The singlet P state, hdl^Pi), of charmonium 

If there ever was a more elusive state than T7^(2^5o), it is hc{l^P\), the singlet P-state 
of charmonium. Its identification is important to determine the hyperfine splitting of P- 
states. And far greater precision in its mass determination than for M{r\l) is required 
because it is predicted that AM/,/(lP) = M{(^Pj)) -MQP]) = for the generally 
accepted scalar confining potential. 

Since the he, with J^^ = l+~, cannot be populated in a radiative transition from the 
1 V^(2S) state, neither SLAC nor BES experiments have ever claimed to observe 
hc{^P\). In 1992, the Fermilab pp experiment E760 claimed to have identified he in the 
reaction pp ^ he ^ Ti^J j y/, but larger luminosity runs in 1996 and 2000 have failed to 
confirm this "observation" [7]. 

Now, we have made a firm (significance > 6c7) observation of he at CLEO [8]. At 
CLEO-c data were taken at V^(2S), with 3.08 million 1/^(25). We have analyzed these 
data for the population of he in the isospin forbidden reaction, 

\I/{2S) K%e , he yrie 

Both inclusive and exclusive analyses were done, and an accurate determination of he 
mass was made in recoils against ;r^'s whose energy could be measured with precision 
(see Fig. 3). 

Two independent inclusive analyses, different in details of event selection, were 
made. The decay he — > yrie was identfied by loosely constraining the photon energy in 
one analysis, and by loosely constraing the r/c mass in the other analaysis. Completely 
consistent results were obtained. In the exclusive analysis, instead of constraining Ey 
or M(rie), seven known decay channels with a total branching fraction of ~ 10% were 
measured. Once again, consistent results were obtained. 

The overall result obtained was M{he) = 3524.4 ± 0.6 ± 0.4 MeV, or 



AM;,/(1P) = {M{Xej)) -M{he) = +1.0 ± 0.6 ± 0.4 MeV 
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FIGURE 3. Observation of /jc(l'Pi) in (left) inclusive analysis and (right) exclusive analysis at CLEO 
[8]. 



Two results follow from our unambiguous observation of he. The first is that 
AMjif{lP) is not very different form the pQCD prediction of zero, as was feared by 
some theorists. The second is that higher statistics data need to be taken at CLEO in 
order to arrive at a statistically significant result for AM/,y(lP). 

We note that in a recent publication, E835 has claimed evidence for in the reaction 
pp^hc^ yrfc in a combined analysis of data from their 1996 and 2000 runs. However, 
only (7+6=) 13 counts were observed, and the significance of the observation was only 
~ 3(7 [7]. 



3. TIMELIKE FORM FACTORS OF tt, K, AND p 

Electromagnetic form factors of composite particles provide deep insight into their struc- 
ture, and play an important role in determining the momenta above which perturbative 
QCD can be considered reliable, a question about which there has been great contro- 
versy. 

We have used the CLEO-c data for e~^e~ collisions at ^/s = 3.671 GeV with a total 
integrated luminosity of 20.7 pb~^ to determine the timelike form factors of the kaon 
and proton at [e^j = 13.48 GeV^ [9]. 

The excellent charged particle detection capability of the CLEO detector has enabled 
us to determine 

!2^|F;r(13.48GeV2)| = 1.01 ±0.11(stat) ±0.07(syst),) GeV^ 
Q^\FK{l3.48GeV^)\ = 0.85±0.05(stat) ±0.02(syst) GeV^ 
e4|Gj^(13.48GeV2)|/Aip = 0.91 ±0.13(stat) ±0.06(syst) GeV"^. 

The proton magnetic form factor result agrees with that measured in the reverse reaction 
pp — > e^e~ at Fermilab as shown in Fig. 4 (left). The pion and kaon form factor 
measurements are the first ever direct measurements at |(2^| > 4.5 GeV^. 
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FIGURE 4. (left) CLEO results (open squai-es) for the timelike form factors at = 13.48 GeV^ of 
the pion (top), kaon (middle), and proton (bottom) [9]. Other results are from the literature. Fig. 4 (right) 
Distributions of AM =M(7/+/") -M(Z+r) for the reaction JJ ^ %ci ^ 7^+/" from CLEO [13]. 



4. RADIATIVE DECAYS OF CHARMONIUM 

In a recent publication, CLEO [10] has reported the branching ratios, ^(i//(25) 
YXcOiYXciiXciiYVc), from a careful analysis of the inclusive photon spectrum. It is 
found that while e^(i//(25) YXcO^ YXci , Ylc) are in good agreement with earlier results 
[11], ^(v/(25) YXci) is ~ 46% larger. This result, when combined with new CLEO 
[12] measurements of radiative cascades, V^(25) yXcj YY-^f leads to new results 
for the radiative transitions ^{Xcj Y-^/V)- These results are substantially different 
from the original Crystal Ball results which have long been in use. In particular, it is 
found that ^{Xc2 YJ Iw) = (19.9 ± 1.7)%, as compared to the Crystal Ball result 
^{Xc2 Y-J/W) = (12.4± 1.4)%. This new CLEO resuk has resolved the long-standing 
discrepancy between the results for the two-photon width of Xci as measured at e^e^ 
colliders, via the production of Xci in two-photon fusion, and as measured in pp 
annihilation, via the decay of Xci into two photons. Fig. 4 (right) shows the result of 
the new CLEO [13] measurement of the reaction 

YY^Xc2^YJ/W, J/W^ie+e-,^+^-) 

using ~ 15 fb^ of e~^e~ collision data taken in the bottomonium region. It is found 
that if the Belle two-photon fusion and E835 pp annihilation measurements are ana- 
lyzed using the new CLEO value for ^{Xc2 YJ/V)' th^ir results come in complete 
agreement with the CLEO resuk, Tyy{Xc2) = 559 ±81 eV. The CLEO resuk leads to 
r(Zc2 YY)I^{Xc2 gg) = (3.65 ±0.45) x 10"^^ ^nd therefore ^5 = 0.29 ±0.01 us- 
ing pQCD with first order radiative corrections. 



5. THE SAGA OF X(3872) 



In 2003 Belle [14] announced the discovery of an unexpected narrow state, X(3872), in 
5-decays. It was quickly confirmed by CDF, D0, and BaBar. The average of the masses 
measured by the four experiments is M(X) = 3871.5 ± 0.4 MeV. Note that this is very 
close to M(dO)+M(D*0) = 3870.3 ±2.0 MeV [11]. 

The unique decay, the narrow width, and the closeness of its mass to M(Z)*^Z)*°) 
have given rise to intense theoretical speculations about the nature of X(3872). Is it 
a charmonium state (l"*"*", 2 , 3 ), or a hybrid (1^^), or a glueball mixed with 
vector charmonium (1 ), or a unique 'dimeson', a D^D*^ (1^^, 0""*") molecule? To 
sift through these speculations it is necessary to determine J^'^(X). 

At CLEO [15] we have analyzed ~ 15 fb~^ of e'^e" collision data taken in the 
bottomonium region for possible production of X(3872) in two-photon fusion and ISR, 
and have established the following 90% confidence limits: 

Two-photon fusion (7^^(X) = 7^+): (27+ l)r(X ^ e+e') < 0.65 eV, 

ISR (/^^(X) = 1 — ): ^{X 7t+7t-J/Y) X r(X ^ e+e') < 8.3 eV. 

With BaBar's recent limit of =^(X K+K^J/^f) > 0.042 [16], the ISR result leads 
to r(X ^ e+e-) < 200 eV. Recall that r( 1/^(3770)) = 260 ± 40 eV. 

At CLEO an attempt is underway to measure the mass of with high precision, so 
that the proposed interpretation of X(3872) as a D^D*^ molecule can be submitted to a 
critical test. 



6. \}f{2S) DECAYS TO BARYON-ANTIBARYON PAIRS 

Very few decays of charmonia to baryon-antibaryon pairs have been measured. Using 
3.08 million V^(2S) decays, CLEO [17] has measured the decays 1/^(25) BB with 
B = p, A, E+, YP, S , Z'^, (Z*^) and ), many of them for the first time. A rather 
curious feature of these results is that the branching ratios for all BB pairs are nearly the 
same, ~ ,^(i/a(25) BB) ^ 2.7 x 10^. This is surprising, considering that phase space 
is quite different for the different BB pairs. 



7. THE p-7t PROBLEIM OF J/\j/{^S) AND \j/{2S) 

A simple prediction of pQCD is that the ratio 

^{\j/{2S) ^ hadrons) ^ 1/^(25) ^ leptons) ^ q ^3 ^ 
^ {J /xjf ^hadrons) ^(7/1/^^ leptons) 

BES has studied this over a long time by measuring many hadronic decays of il/{2S). 
Recently CLEO [18] has measured many more two-body and many body decays of 
^^{2S) using the data for ~ 3 million V^(25). The results are that while Q varies between 
0.1% and 10% for two-body decays, it is generally larger, varying between 2% and 



10% for most multibody decays. For more details, see the talk by C. Z. Yuan in these 
proceedings. 



8. PRECISION MEASUREMENTS OF HADRONIC DECAYS 

Spectroscopy does not progress only by discoveries. It makes some of its best gains 
by precision. Recently, several such gains have been made. At CLEO [12], isospin 
conservation has been confirmed at a ±2% level in i/a' decay to %^K~J / y/ and n^n^J/ i/a, 
and isospin violation has been observed at a ±0.4% level in yr' decay to K^J /yr and 
rfJ/y/. Also at CLEO [19] lepton universiality has been confirmed at a ±1% level in 
J/x]/ decays to e'^e" and jU'*"jU~. 

9. NON-DD DECAYS OF i//(3770) 

All that we know about 1/^(3770) is that it decays dominantly to DD (~ 100%). It is 
important to measure other possible decays of i/a(3770). y^{2S) decays to ;r;r7/i//' nearly 
50% of the time. What about 1/^(3770)? CLEO has invested 281 pb^ of luminosity, and 
obtained three new results. It is determined that the branching fractions =^(v/(3770) — > 
Tt+Tt-J/xj/) = (0.214 ±0.033)% and ^(1/^(3770) ^ n^K^J/\\f) = (0.097 ± 0.040)% 
[20]. The branching fraction ,^(1/^(3770) yXd) = (0.32 ±0.06 ±0.04)% was mea- 
sured, but only upper limits could be set for radiative decays to Xc2 and XcO [21]. No 
vector+psuedoscalar decays of i/a(3770) were found (except for a hint of (^t]), and a 
search of 25 multibody final states also found none [22]. 
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